Intragastric PCO 2 has been recognized to rise in states of gastric hypoperfusion. A device including a gas-permeable balloon on a conventional sump nasogastric tube (TRIP catheter, Tonometrics) has permitted simple measurement of the intragastric PCO 2 following equilibration of intragastric PCO 2 with saline in the balloon. This method is slow to equilibrate and time-consuming. We describe an automated method using air instead of saline in the balloon with measurement using capnography. Equilibration is much faster using air and the automated system permits measurements to be taken at regular intervals (10 minutes) without additional workload.
Mesenteric resistance has been found to increase significantly more than systemic vascular resistance in states of generalized low cardiac output and consequently splanchnic blood flow is disproportionately reduced [1] [2] [3] . Since splanchnic perfusion is more affected than systemic perfusion in shock states it has been advocated that monitoring of intestinal perfusion represents a valuable addition in the resuscitation of shocked patients 4 .
Indirect measurement of gut mucosal pH can be calculated from measurement of intraluminal carbon dioxide concentration and the arterial bicarbonate concentration. Intraluminal carbon dioxide is currently determined by measuring the carbon dioxide content of saline in a semi-permeable balloon placed in the stomach. This indirect measurement has been shown to correlate well with direct measurements of intramucosal pH 5 and directly measured gastric intramucosal PCO 2 has been shown to be closely inversely correlated with gastric blood flow during both haemorrhagic and anaphylactic shock 5, 6 .
The standard clinical technique for the measurement of gastric carbon dioxide involves the insertion into the stomach of a nasogastric tube incorporating a gas-permeable balloon at the distal end. This balloon is filled with saline which, following a prolonged period of equilibration, is aspirated and injected into a standard blood gas analyser to obtain a PCO 2 measurement. The measured carbon dioxide tension is adjusted using a nomogram to derive a gastric carbon dioxide concentration (CO2SS).
This method is slow to equilibrate (60 to 90 minutes) and relatively time-consuming with regard to both sampling and analysis. In clinical practice we have found it difficult to obtain more than six measurements during a 24-hour period and consequently widespread application of this monitoring has not occurred in our unit.
Gut mucosal ischaemia (as inferred from low pHi results) has been reported to be common after major surgery, occurring in more than 24% of cases 7, 8 , and a high mortality has been observed in those patients in whom low pHi persists 9 . In studies which have compared gastric tonometry to other routine monitors of cardiorespiratory function in intensive care, pHi has been found to be a more sensitive predictor of poor outcome than are other measures such as blood pressure or urine output 7,10 , and improved outcomes have been demonstrated in patients in whom therapy has been guided by pHi monitoring 11 .
A system which equilibrated more rapidly and where bedside measurement was automatic would permit more frequent readings and would potentially enable the system to be a more useful monitor of gastric perfusion, against which treatment might be titrated rather than simply being useful as a predictor of mortality.
We describe an automated system for gastric carbon dioxide monitoring which involves minimal work and produces results every ten minutes.
METHOD
A model stomach was constructed from a plastic bag into which the distal portions of two standard commercial tonometry nasogastric catheters (TRIP, Tonometrics Inc.) were inserted with an air-tight seal around them. One catheter was primed with saline according to the manufacturer's instructions and was used with saline in the conventional manner. The balloon of the second catheter was not primed with saline before insertion but was connected to a machine ( Figure 1 ) which automatically inflates the balloon with 5 ml of air and after a period for equilibration permits the balloon to deflate via the capnograph.
The pneumatic circuit is illustrated in Figure 2 . The machine utilizes a roller pump to inflate the balloon with 5 ml of air while valve 2 is closed and valve 1 is open (inflation). The system then remains airtight for ten minutes (dwell) at which time valve 1 is closed and valve 2 is simultaneously released enabling the gas in the balloon to be aspirated into the side-stream capnography machine (sampling). Following full aspiration of the gas, which was observed through the wall of the model stomach, valve 1 is opened so that both valves are open and the balloon is open to the atmosphere (pause). The cycle is then started again with valve 2 closing and the pump activating again to inflate the balloon. The cycle is electronically controlled.
The concentration of carbon dioxide in the model stomach was kept constant at 76 mmHg while measurements were taken from both the saline-filled and the air-filled tonometry catheters at increasing time intervals to determine the kinetics and extent of equilibration. The concentration of the CO2 in the model stomach was checked via the capnograph at ten-minute intervals and kept at 76 mmHg with the addition of small amounts of CO2.
The capnograph was calibrated using a Ciba Corning 288 Blood Gas Machine (Ciba Corning, Medfield, MA, U.S.A.) by taking 2 x 10 ml samples of gas from the model stomach and processing one through the blood gas machine, the other through the capnograph. A series of five samples were processed ( Table 1 ).
The end-tidal carbon dioxide level in samples taken from the automated (air) system every ten minutes were plotted against the CO 2 levels taken directly from the model stomach.
RESULTS
Measurements taken from both the saline-filled and the air-filled tonometry catheter at increasing time intervals showed that the carbon dioxide level rose much more rapidly in air than was the case with normal saline (Figure 3) . A series of three trials were completed (see Table 2 ). The maximum level of carbon dioxide occurred after ten minutes and then 591 
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The ten-minute interval was chosen with reference to the kinetics of equilibrium for air since no further increment was observed beyond ten minutes. There was a constant predictable difference between the CO2 level measured by capnography in the gas aspirated from the intragastric balloon and the actual intragastric PCO 2 measured directly (Figure 4) .
The speed with which the automated system responds to abrupt changes of carbon dioxide concentrations in the model stomach confirmed that the response is extremely rapid, with the altered PCO 2 level being detected at the first reading ten minutes after any change ( Figure 5 ).
DISCUSSION
It does not appear to be of additional value to convert gastric PCO 2 levels to pHi readings and doing so may add an element of confusion. Patients with low arterial bicarbonate (due to systemic metabolic acidosis of either anion gap or non-anion gap type) will have a low pHi whether or not they have inadequate gastric perfusion. There is a contribution to the gastric carbon dioxide from the arterial carbon dioxide 11 and determination of an arterial to gastric PCO 2 gradient is likely to most usefully reflect gastric hypoperfusion.
Measurement of gut intraluminal carbon dioxide from air which has been introduced directly into the gut (not into a balloon), allowed to equilibrate and then aspirated, has been described 12 , as has measurement of the carbon dioxide content of fluid aspirated from the stomach 13 . Both methods appear to be practicable and avoid the necessity to use the commercial tonometry catheter which are currently expensive, about $200 each. However, these methods are not easily automated and the balloonless air tonometry method described by Salzman et al 12 is often complicated, in our hands, by either loss of the injected air bolus with an inability to aspirate an adequate volume of gas, or by aspiration of significant volumes of gastric fluid together with the gas sample.
Using the standard, commercially available tonometric catheter, we have determined that the intraluminal PCO 2 level can be reliably deduced from knowledge of the carbon dioxide concentration in air aspirated following ten minutes equilibration (although an adjustment factor is required). It would be better to program this adjustment into the software (the relationship appears both mathematically simple and constant so this would be relatively easy) but reference to a graph is acceptable and practicable, especially as it is standard practice to convert values obtained from analysis of the carbon dioxide content of saline using the slide rule supplied with the catheters.
The technique has shown itself to rapidly respond to changes in PCO 2 content of a test stomach in vitro. Such a rapid response suggests that this monitoring would offer significant potential benefit to critically ill patients, since it would ensure that inadequate stomach perfusion is rapidly detected and treatment can be administered to quickly improve perfusion.
The only possible risk associated with the use of the machine is for constant inflation of the balloon due to machine malfunction. To avoid this risk the machine has indicator lights which identify the inflation phase and an alarm (both visual and auditory) which operates should the inflation time be prolonged.
We believe that automated gastric CO2 monitoring, using air as the equilibration medium, can signifi-cantly enhance the clinical usefulness of gastric tonometry.
